Abstract There is a broad consensus that the Solonker Suture Zone marks the final closure of the Paleo-Asian Ocean, which led to the formation of the eastern segment of the Central Asian Orogenic Belt. However, when and how the final closure occurred still remains controversial. To address this issue, provenance analysis of Permian sedimentary rocks of arc basins along the Xar Moron River was carried out. Geochemical analysis revealed a close relationship between the sedimentary and volcanic rock suite in the study region suggesting short transport distances and a complex convergent arc setting. Detrital zircon U-Pb analysis identified two major age provenances: (1) the Precambrian basement of the North China Craton (~2497 Ma and~1844 Ma) and (2) the Paleozoic Southern Accretionary Orogen along the northern margin of North China (~436 Ma and 269 Ma). The present locations of identified age provenances indicate southward subduction beneath the northern margin of North China. A comparison of the youngest age population in the sedimentary rocks with U-Pb ages obtained for subduction-related volcanic rocks implies that the Solonker Suture Zone formed from the Late Permian to Early Triassic. The results of our study advocate a complex Permian arc system which was probably similar to present-day Southeast Asia.
Introduction
The Central Asian Orogenic Belt (CAOB), between the East European Platform, the Siberian Craton, and the combined Tarim and North China Cratons (Figure 1 ), is one of the largest Phanerozoic orogenic systems on Earth [Cawood et al., 2009] . Despite numerous investigations, it is perhaps the least understood tectonic belt on the Eurasian continent [Şengör et al., 1993; Windley et al., 2007; Wilhem et al., 2012; Kröner et al., 2014, and references therein] . Its formation covers the entire variety of convergent plate tectonics: (1) accretion of accretionary wedges, island arcs, terranes or microcontinents, and oceanic seamounts, and (2) continental collision, subduction, subduction roll-back, and back-arc spreading. Based on distinct geochemical differences, the CAOB has been termed an "internal" orogen in contrast to the circum-Pacific "external" orogens. Whereas "external" orogens are formed at the boundary of large mantle convection cells, "internal" orogens form within a single long-lived mantle convection supercell [Collins et al., 2011] .
The relationship between major tectonic blocks involved in the formation of the CAOB is still controversial. For example, the existence of blocks that rifted from the northern margins of Gondwana, or possibly from Siberia, in the Precambrian is still debated [e.g., Wilhem et al., 2012; Rojas-Agramonte et al., 2011] . The extent of volcanic arc chains situated in the open oceans between major tectonic units, such as the Paleo-Asian Ocean between the North China and Siberian Cratons, is unknown. Final disappearance of the Paleo-Asian Ocean terminated the formation of the CAOB, leading to collision between the combined Tarim and North China Cratons and the southern accretionary margin of the Siberian Craton in the Late Paleozoic and/or Early Mesozoic time. This ultimately formed the nearly east-west-trending Tian-Shan Suture located in Central Asia and the Solonker Suture Zone in East Asia [Xiao et al., 2009] .
Several tectonic models have been proposed to explain the formation and evolution of the CAOB. The classic, and repeatedly modified [e.g., Yakubchuk, 2008] , single-arc model was initially proposed by Şengör et al.
Kipchak-Tuva-Mongol arc. However, more recent paleomagnetic data, constraining the paleogeographic positions of the Siberian Craton and the East European Platform in Neoproterozoic time [Smethurst et al., 1998; Popov et al., 2005] , and new structural data [Lehmann et al., 2010] have challenged this model. Instead, an archipelago-type tectonic model has been brought forward [Xiao et al., 2003 [Xiao et al., , 2009 [Xiao et al., , 2010 Windley et al., 2007] , which resembles modern-day Southeast Asia [e.g., Hall, 2009] . In this model, distinct volcanic arcs and terranes were accreted onto the active margins of the Siberian Craton and the East European Platform from the Early Paleozoic to the Late Permian/Early Mesozoic. Lehmann et al. [2010] modified the archipelago-type model by postulating initial east-west-directed shortening, followed by north-south-directed shortening based on extensive structural analyses. The extent to which accretion occurred along the northern margins of the Tarim and North China Cratons before the formation of the Solonker Suture Zone, however, remains a matter of debate [e.g., Xiao et al., 2003; Jian et al., 2008] .
A large number of issues related to the paleogeographic geometry and origins of major tectonic units in the CAOB have not been satisfactorily resolved. A more detailed understanding is needed with respect to the development of volcanic arcs, the relative paleogeographic location of terranes before the final closure, and the interaction between respective tectonic elements within the Paleo-Asian Ocean. The current definition of major tectonic units in the eastern segment of the CAOB by different workers [e.g., Xiao et al., 2003; Jian et al., 2008 Jian et al., , 2010 is confusing due to the inconsistent nomenclature of tectonic units and their locations. Figure 2 is an attempt to standardize the nomenclature of tectonic units in the region based on a combination of literature review [Bureau of Geology and Mineral Resources of Inner Mongolia (BGMRIM), 1991; Xiao et al., 2003 Xiao et al., , 2009 Jian et al., 2008 Jian et al., , 2010 and the results of this study.
Detrital U-Pb zircon geochronology of Late Paleozoic sedimentary arc basins located in the Paleo-Asian Ocean is a potentially powerful tool with which to quantitatively evaluate issues of when and how the PaleoAsian Ocean was closed to form the Solonker Suture Zone. It provides information on relationships between major tectonic blocks, such as their relative paleogeographic locations in time or contribution to sedimentary material [Haughton et al., 1991] . Major tectonic units can be identified by comparing age distributions to welldefined "age-fingerprints" of likely provenance terrane candidates. The Solonker Suture Zone has long been considered to mark the location of the final disappearance of the Paleo-Asian Ocean in the eastern segment of the CAOB. However, the time of final suturing and its exact location are still contended [e.g., Li et al., 2013; Xu et al., 2013] . More detailed investigations and an extensive regional geochronological analysis will further refine and update exact timing of major collisional, magmatic, and metamorphic events during the closure of the Paleo-Asian Ocean along this crucial collision zone.
This work evaluates the timing of the final closure of the Paleo-Asian Ocean and identifies major sedimentary provenance terranes along the Solonker Suture Zone. Integration of geochronological, geochemical, structural data, and field observations are used to provide an updated view of the tectonic evolution of the region in the Paleozoic until final suturing.
Regional Geology

Solonker Suture Zone
There has been much debate on whether the Solonker Suture Zone was formed by episodic [Jian et al., 2008 [Jian et al., , 2010 or continuous [Chen et al., 2000 [Chen et al., , 2009a Xiao et al., 2003] tectonic activity caused by subduction of oceanic lithosphere. The question of whether the final collision took place by southward subduction beneath the northern margin of North China or northward subduction beneath the southern accretionary margin of the Siberian Craton, as well as the actual subduction type (continental or oceanic) and its geometry (one sided, Figure 2 . Tectonic subdivision of the Solonker Suture Zone in the Xilinhot area, based on new data presented in this study and literature review [BGMRIM, 1991; Xiao et al., 2003 Xiao et al., , 2009 Jian et al., 2008 Jian et al., , 2010 . double sided, multiple), remains unresolved. Most researchers [e.g., Wu et al., 2002 Wu et al., , 2007 Xiao et al., 2003; de Jong et al., 2006; Li, 2006; Shen et al., 2006; S. H. Zhang et al., 2007 Jian et al., 2008 Jian et al., , 2010 Lin et al., 2008; Chen et al., 2009a] locate the final closure of the Paleo-Asian Ocean along the banks of the Xar Moron River. Wu et al. [2002 Wu et al. [ , 2007 traced it farther toward the far east, where it was offset by several major fault systems (the Yitong-Yilan Fault and the Dunhua-Mishan Fault), away from the Xar Moron River. However, some other authors [e.g., Shao, 1989; Tang, 1990; Nozaka and Liu, 2002] assume that the final collision took place further north near the Hegenshan Ophiolite Complex [Miao et al., 2008] varying from end of the Devonian to the Middle Mesozoic, respectively, which are both temporally and spatially contrary to recent models. According to the model proposed by Li [2006] and Jian et al. [2008 Jian et al. [ , 2010 , the Solonker Suture Zone is located along the northern bank of the Xar Moron River. Northward, it is bounded by the northeast trending Linxi Fault and southward by the northeast oriented Xar Moron Fault (Figures 3a and 3b) . The Linxi Fault separates the Solonker Suture Zone from an accretionary belt named the Northern Orogen (Figure 3b ) [Jian et al., 2008] , which comprises several accretionary and metamorphic complexes including the Xilinhot Complex along the Xilinhot Fault [Shi et al., 2003; Chen et al., 2009b] . Situated south of the Solonker Suture Zone defined by Jian et al. [2008] is the Southern Orogen (Figure 3b ), which is considered to have successively developed along the northern margin of North China during Paleozoic. The orogen comprises subduction-accretion assemblages including the Ondor Sum Subduction-Accretion Complex [Yan et al., 1989; de Jong et al., 2006; Chen et al., 2009a] , whereas earlier outdated studies assumed the existence of an east-west trending "Wendur Miao-Xar Moron Ophiolite Belt" [see Cao, 1989] . Jian et al. [2008 Jian et al. [ , 2010 argued that the North China and Siberian cratons were separated by the Paleo-Asian Ocean and microcontinents during the Cambrian. By the end of the Cambrian, the intraoceanic southward subduction led to arc volcanism and ophiolite formation, while northward subduction occurred beneath a microcontinent. Subsequently, concurrent ridge subduction beneath the volcanic arcs in the south and north caused high-grade metamorphism in the Ordovician and the Silurian. The end-Silurian collision of several microcontinents finally terminated subduction on both sides by forming the Southern and Northern Orogens, while they were still separated by the Paleo-Asian Ocean. During Early Permian time, tectonic activity continued with subduction, arc formation, and ridge-trench collision along the Southern Orogen. By then, the Southern Orogen was amalgamated with the northern margin of North China. Meanwhile, bimodal volcanism occurred in the Northern Orogen. The final closure of the Paleo-Asian Ocean in the Late Permian led to the formation of the Solonker Suture Zone (Figure 3a) .
The model by Xiao et al. [2003 Xiao et al. [ , 2009 , however, proposes a slightly different subdivision of tectonic units in the region (Figures 3c and 3d ). In their model the Solonker Suture Zone is represented by the Erdaojing Jian et al. [2008 Jian et al. [ , 2010 with its (b) tectonic subdivision and (c) double-sided subduction model according to Xiao et al. [2003 Xiao et al. [ , 2009 with its (d) tectonic subdivision. AAC: arc-accretion complex; SAC: subduction-accretion complex; AC: accretion complex. Accretion complex. Thus, it is shifted to the north and is narrower. The Erdaojing Accretion Complex is juxtaposed toward north against the Baolidao Arc-Accretion Complex [Chen et al., 2009a] and toward south with the Ondor Sum Subduction-Accretion Complex [Yan et al., 1989; de Jong et al., 2006] . Closure of the Paleo-Asian Ocean started with north-directed intraoceanic subduction, forming the Ulan Arc and the attached Ondor Sum Subduction-Accretion complex. In the Ordovician-Silurian, the Ulan Arc and the Ondor Sum Subduction-Accretion complex were accreted onto the northern margin of North China, while subduction took place southward beneath North China. Meanwhile, subduction had also been initiated along the southern margin of the Mongolian Arc Terranes, forming the Uliastai Active Continental Margin north of the Hegenshan Ophiolite Arc-Accretion Complex. The contemporary double-sided subduction beneath North China and the Mongolian Arc Terranes, as well as simultaneous intraoceanic subduction, led to the final closure of the Paleo-Asian Ocean in the Late Permian.
The above outlined two tectonic models [Xiao et al., 2003 [Xiao et al., , 2009 Jian et al., 2008 Jian et al., , 2010 (Figure 3 ) are different in their subduction geometries and definition of which tectonic units were involved during the closure of the Paleo-Asian Ocean. Notably, the suggested interactions between the tectonic units prior to the formation of the Solonker Suture Zone remain inconsistent, which is an issue to be addressed here. The study area extends across the Xar Moron River (Figure 4 ) and thus provides an ideal testing ground for both major tectonic models on the formation, and the location, of the Solonker Suture Zone. 
Geology Across the Xar Moron River
A Late Paleozoic stratigraphy of the region is relatively well established [Li, 2006; Manankov et al., 2006; Shen et al., 2006; Shi, 2006; Shi et al., 2006] . The lithology across the Xar Moron River near Hexigten is dominated by broadly northeast trending Permian volcanoclastic turbiditic successions, represented dominantly by the Linxi and Huanggangliang formations, and undeformed Mesozoic granitic intrusions (Figures 2 and 4-7) . The volcanoclastic strata are subvertical without any signs of high-grade metamorphism. Open upright folds in the Huanggangliang Formation ( Figure 6 ) indicate a contractional strain regime. Both units are suggested to represent arc basin deposits, which is supported by their mineralogical immaturity and high volcanic detritus content (e.g., feldspars and volcanic lithic fragments). A single greenschist to amphibolite facies metamorphic unit, named the Shuangjing Complex (Figures 2 and 4) consisting of various schists [Li et al., 2007; Y. L. Li et al., 2011b] , occurs along the northern bank of the Xar Moron River. Horizontally bedded Jurassic volcanic strata unconformably overlie the entire region (Figure 8a ).
The Middle Permian Huanggangliang Formation (marine strata) overlies the Middle Permian (Roadian to Wordian) Dashizhai Formation (also marine strata). The Dashizhai Formation per se does not occur in the study region. However, it is correlated with the volcanoclastic Tieyingzi and the overlying Ranfangdi Formation. The Huanggangliang Formation is subdivided into an upper and a lower member, dominated by clastic and carbonate strata, respectively ( Figure 5 ). These strata are unconformably overlain by the generally finer clastic Linxi Formation, which is considered to be terrestrial by some authors [e.g., Shen et al., 2006] . However, a marine origin deems more likely since the study region marks the locus of the final closure of the Paleo-Asian Ocean. Our field observations confirm that the Linxi Formation consists of alternating sandstone, siltstone, and shale which occur on a regional scale, suggesting a turbiditic origin, although typical turbiditic patterns (e.g., cross-stratification, graded, or convolute bedding) are rare ( Figure 7b ).
Observed local faults are generally east-northeast striking, roughly parallel to the course of the Xar Moron River and the major regional Linxi and Xar Moron Faults. Cross sections along the Huanggangliang Formation ( Figure 6 ) show open upright folding, thrust directions generally toward southeast or northwest, while shear folding, probably related to synsedimentary compression, can be observed as well. Thrusts are rare, if not absent, in the Linxi Formation ( Figure 7 ).
The Permian sedimentary arc basins composed of the Huanggangliang and Linxi Formations are juxtaposed with arc-related rock assemblages, such as the Ondor Sum Subduction-Accretion Complex [Yan et al., 1989; de Jong et al., 2006] and the Erdaojing Subduction-Accretion Complex. However, the contact relationship between the sedimentary rocks and the tectonic units is not clear. Major tectonic units such as the North China Craton in the south and the Mongolian Arc Terranes further north are in relative regional vicinity. This central position provides an ideal laboratory to refine the timing of the final closure of the Paleo-Asian Ocean, location of the Solonker Suture Zone, and the interaction between the various major tectonic units.
Methodology
For this study we selected 15 samples collected in the Xar Moron River region. Eight were from the Middle Permian Huanggangliang Formation. Five samples were from the Upper Permian Linxi Formation. One sample was from a felsic dike intruding a turbiditic succession of the Huanggangliang Formation, and one sample from an andesitic pyroclastic rock. Samples were first crushed, sieved, and milled and then separated by standard heavy liquid and electromagnetic techniques, followed by handpicking of zircons from the heavy liquid residue. Individual grains were randomly selected and mounted on double-sided adhesive tape under a binocular microscope. Grains were then embedded in epoxy resin and polished down to about half the grain size to reveal internal grain surfaces and structures. Sample mounts were photographed in reflected and transmitted light. In order to guide laser ablation isotope analysis, grain growth structures were later depicted as cathodoluminescence (CL) images ( Figure 9 ). U-Pb zircon ages were obtained using an LA-ICP-MS housed at the State Key Laboratory of Ore Deposit Geochemistry, Institute of Geochemistry, Chinese Academy of Sciences, Guiyang. A GeoLasPro laser ablation system (Lamda Physik, Göttingen, Germany) and an Agilent 7700x ICP-MS (Agilent Technologies, Tokyo, Japan) were combined for the experiments. The 193 nm ArF excimer laser, homogenized by a set of beam delivery systems, was focused on the zircon surface with an energy flux of 10 J/cm 2 . Ablation protocol employed a spot diameter of 32 μm at 6 Hz repetition rate for 40 s (equating to 200 pulses) for most samples. A few zircon grains were ablated with a spot diameter of 40 μm. Helium was used as a carrier gas to efficiently transport aerosol to the ICP-MS. U age of 337.13 ± 0.37 Ma) [Sláma et al., 2008] were used for quality control. Lead concentration in zircon was externally calibrated against NIST SRM 610 with Si as an internal standard, whereas Zr served as an internal standard for other trace elements [Hu et al., 2011] . Data reduction was performed off-line by ICPMSDataCal [Liu et al., 2010a [Liu et al., , 2010b . Weighted mean average ages of the youngest age peaks in sample 11XL14-2 (felsic dike) and 11XL24-1 (andesitic pyroclastic rock) were calculated using Isoplot 3.75 [Ludwig, 2008] . Geochronological results are provided in the supporting information Tables S1-S3. A minimum of 90 zircon grains were analyzed for each sample. As outlined by Vermeesch [2004] 117 analyses are required to identify at a 95% confidence level every age component comprising more than 5% of the entire age population. According to Andersen [2005] , 60 analyses per sample are sufficient to identify on a 95% confidence level a single age component representing more than 5% of the entire age population based on the standard binomial probability formula [Dodson et al., 1988] . Both statements refer to the analysis of concordant ages. The total number of analyses undertaken in this study (1010 concordant ages), therefore, indicates that the probability of missing a single age population occurring in the region statistically tends to zero [see also Andersen, 2005] . Age histograms and concordia plots were produced by an in-house code using the Matlab environment provided by Mathworks® (Figures 5, 10 -13, and 16; Matlab scripts and functions are Figure 9 . Representative CL images of zircons from the Huanggangliang and Linxi Formations. Open circles (32-40 μm) show laser ablation analytical sites, and each spot is labeled with its individual available upon request). The total age probability density distribution of each sample was calculated by assuming a Gaussian error distribution for each single age and its respective 1σ error. Single age probability density distributions were summed to obtain the probability density distribution of the sample, and then normalized by the number of total analyses of each sample. If ages are higher than 1 Ga, the age recorded by the 207 Pb*/ 206 Pb* ratio was selected; otherwise, the 206 Pb*/ 238 U age was used. The concordia plots use a loglog scale in order to adequately visualize the entire age spectrum of a sample in a single plot. The unlikeliness that errors of each of the two isotope ratios reach simultaneously their maximum value has been taken into account by drawing error ellipses based on a 95% confidence level (2σ). In order to provide an additional measure to compare different probability density distributions quantitatively, a heterogeneity (H rel ) value has been calculated [Pelto, 1954; Smosna et al., 1999; Sircombe, 2004] . Probability density distributions with lower relative heterogeneity values tend to be dominated by fewer age peaks, and vice versa. The relative heterogeneity H rel is defined as follows:
with H describing the absolute value of heterogeneity using the information function [Shannon and Weaver, 1963; Pelto, 1954] for a data set consisting of n components and probability p i of the ith age component:
and H max describing the maximum value of H assuming equal probability of each occurring age component [Pelto, 1954; Smosna et al., 1999] : The heterogeneity values calculated are based on a 4000-component system for each sample, referring to an age range from 0 to 4000 Ma in 1 Ma steps. The large number of analyses undertaken in this study may indicate that changes of relative heterogeneity calculated for large data sets (e.g., all ages obtained in a rock formation) reflect changes in the sedimentary system.
Total percentage amount of quartz grains, feldspar grains, and lithic fragments of the volcanoclastic siltstone and sandstone samples ( Figure 14) was obtained by the Gazzi-Dickinson counting method [Dickinson, 1985] . A minimum of 300 grains were systematically identified on each thin section and classified as quartz grain, feldspar grain, or lithic fragment (see supporting information Table S4 ). Percentages were plotted on a Quartz-Feldspar-Lithics (QFL-) ternary diagram ( Figure 14) after Dickinson [1985] . Point-counting results are provided in the supporting information Table S4 .
Major oxides were determined by wavelength-dispersive X-ray fluorescence spectrometry (XRF) on fused glass beads using a Rigaku RIX 2000 X-ray fluorescence spectrometer (XRF) at the Guangzhou Institute of Geochemistry, Chinese Academy of Sciences. Calibration lines used in quantification were produced by bivariate regression of data from 36 reference materials encompassing a wide range of silicate compositions , and analytical uncertainties are 1-5%. Results are presented in Figure 15 and supporting information Table S5 .
Results
Geochronology
Concordant ages (>0.9 concordance between the 206 Pb*/ 238 U and 207 Pb*/ 235 U ratios) were plotted as combined histogram/probability density distribution plots ( Figures 5, 11-13 , and 16). Major age populations of all 1010 concordant ages are located at~2497 Ma,~1844 Ma,~436 Ma, and~269 Ma, with some Mesoproterozoic to Neoproterozoic ages but without any Archean ages (Figure 11 ). The overall value of relative heterogeneity (H rel ) is 76%. An age gap is identified between~1000 Ma and~500 Ma. Major Paleozoic age peaks are very distinct, separated by a narrow age gap at~300 Ma. 4.1.1. Huanggangliang Formation Concentric oscillatory zoning dominates the growth structure of most zircons throughout the samples (Figures 9a and 9f ). Metamorphic overgrowths are rare but occur in sample 11XL25 (Figure 9b ). Few zircon grains contain inherited Precambrian aged cores with younger oscillatory rim (Figure 9c ). Zircons without any visible internal structures occur, but are rare (e.g., Figure 9d ) and can be explained by either a comparatively high U-content or a metamorphic origin. However, the CL image quality should be taken into account here. Zircon grains are generally euhedral to subhedral (Figure 9e) , with a few subrounded grains (Figures 9b and 9c) , indicating a higher degree of reworking, particularly in sample 11XL25. Analytical sites show a range of Th/U ratios from 0.03 to 0.65; most, however, are above 0.07. The majority of zircons are, therefore, of magmatic origin, and only a few underwent metamorphism or reworking.
Overall, four age groups can be observed in the formation:~2.50 Ga, 1.80 Ga,~437 Ma, and~268 Ma (Figure 12 ). The value of relative heterogeneity of the entire formation is H rel = 72% (Figure 4) , indicating the dominance of several age groups; however, they are not consistently present throughout the Huanggangliang Formation. Samples 11XL57 and 11XL54-1 are dominated by a single age peak at~268 Ma. This is also reflected in low values of relative heterogeneity (H rel = 43% and H rel = 49%), indicating the dominance of the one age group. Samples 11XL26, 11XL27, and 11XL51-1 mainly contain the~268 Ma and~437 Ma age groups, with minor Precambrian ages, if present at all. The values of relative heterogeneity are higher (H rel = 65% and H rel = 63%). In contrast, samples 11XL13, 11XL23, and 11XL25 contain all age groups. Their value of relative heterogeneity are the highest, with H rel = 79%, H rel = 71% and H rel = 78%, respectively.
Linxi Formation
In general, zircons from the samples show concentric oscillatory zoning (Figure 9h) . A larger number of grains have metamorphic rims (Figures 9g and 9k) . Few do not have any visible internal structures (Figure 9k ) and are either light colored (Figure 9g ) or dark under cathodoluminescence (Figure 9i) . However, the CL image quality is relatively poor and might lead to some bias. The degree of rounding is highly variable ranging from euhedral crystals (e.g., Figure 9h ) to wellrounded grains (Figures 9k and 9l) . A small number of grains show striped zoning originating either from (a) reworking of larger concentric oscillatory grains or (2) from crystallization from mafic magma (Figure 9l ). All laser ablation sites show a large range of Th/U ratios from 0.03 to 2.02, with most above [Bhatia, 1983] (Figures 5 and 13 ). These age groups are relatively well represented in all samples, in contrast to the Huanggangliang Formation (Figure 12 ). The overall value of relative heterogeneity (H rel = 79%) is higher as well ( Figure 5 ). The four age groups are all present in samples 11XL17-2, 11XL20, and 11XL16-1 as also indicated by the highest values of relative heterogeneity in these (H rel = 73%, H rel = 80%, and H rel = 76%, respectively; Figure 13 ). In comparison, Precambrian zircons are less represented in sample 11XL15-1 but still occur, as also demonstrated by a lower value of relative heterogeneity (H rel = 68%; Figure 13 ). Sample 11XL7-2 is the only sample with no pronounced~270 Ma age peak (H rel = 72%), although a few discordant zircons around~270 Ma were measured. 4.1.3. Andesitic Pyroclastic Rock and Felsic Dike Sample 11XL24-1 is an andesitic pyroclastic rock. Zircons are generally euhedral to subhedral and predominantly exhibit concentric oscillatory zoning (Figure 9n) . A significant amount of zircon grains show patchy zoning (Figure 9m ). Laser ablation sites show a range of Th/U ratios from 0.10 to 1.65, with an average value of 0.58. Analyzed zircons are, therefore, of magmatic origin. A dominant single age peak is located between~225 Ma and~275 Ma, which yielded an unrealistically precise weighted mean age of 249 ± 2 Ma (MSWD = 12; Figure 11 ). The high MSWD indicates a large component of geological scatter in the data, most likely due to the presence of several similar age populations. The sample might have been multiply reworked, and pyroclastic material successively added before final deposition. The older zircon grains are considered to be xenocrysts captured either from the nearby Permian volcanic arc rocks or volcanoclastic strata during magma ascent. Thus, we refrain from making use of the weighted mean age. 
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The majority of the youngest ages suggest that the andesitic pyroclastic rock formed at a later time, most likely between the Early to Middle Triassic. Sample 11XL14-2 was taken from a felsic dike (Figure 8b) , which intrudes the Huanggangliang Formation turbidites. It crosscuts the overall bedding structure of the host rock at a low angle with respect to the original bedding. Most zircons from the sample are euhedral to subhedral (Figure 9o ) with mostly concentric oscillatory zoning (Figure 9p ). Laser ablation sites show Th/U ratios from 0.16 to 1.13, with an average value of 0.83, and the grains are, therefore, considered to be of magmatic origin. However, a few grains do not show any zoning or are slightly rounded, and they are likely to be xenocrysts captured either (1) from the host rock or (2) during magma ascent. A dominant group of zircons is located between~255 Ma and~245 Ma, which gave a weighted mean average age of 242 ± 3 Ma (MSWD = 9.6; Figure 11 ), slightly younger than that calculated for the andesitic pyroclastic rock (11XL24-1). The high MSWD indicates a large component of geological scatter and probably the presence of several similar age populations. This can be understood by assuming that captured zircons from the nearby volcanic and sedimentary strata were added during dike emplacement, thus possibly tapping several age reservoirs. As discussed above, the Huanggangliang Formation, in where the dike intruded, is characterized by age peaks at~2.49 Ga,~1.85 Ga,~455 Ma, and 270 Ma. These ages all occur in the age population of the felsic dike. Other zircons mostly yielded ages around~451 Ma, with a few yielding Precambrian ages ranging from 2656 ± 19 Ma to 1376 ± 23 Ma. The Early to Middle Triassic volcanic activity, evidenced by the andesitic pyroclastic rock, also contributed zircons, adding to the complexity of the age distribution. Since these ages are not considered in the calculation of the weighted mean average age, the latter only can serve as a general age reference for the location of the major age population in the dike. Based on the youngest zircon age groups, it is, thus, assumed that dike emplacement occurred later, between the Early to Middle Triassic.
Major Element Analysis
Variations of major elements of various sedimentary and volcanic rock suites occurring in the study region are depicted as Harker and AFM diagrams (Figures 15a and 15b) . Generally, TiO 2 , Al 2 O 3 , Fe 2 O 3 , and MgO decrease with increasing SiO 2 independent of rock type. This trend is less visible for Na 2 O and CaO over SiO 2 , which might be the result of chemical alteration due to weathering. Nevertheless, the sedimentary rock suite is overall situated toward higher quartzose content and less detrital content (e.g., feldspars and volcanic rock fragments). The volcanic rock suite is effectively the opposite. Oxides plotted on the AFM diagram have revealed a generally calc-alkaline subduction-related tectonic environment [Li, 2006; Zhang et al., 2007; D. P. Li et al., 2011; Y. L. Li et al., 2011a; Han et al., 2012] (Figure 15b) . However, the location of data points varies largely. Discrimination plots according to Bhatia [1983] and Roser and Korsch [1988] (Figures 15c and 15d , respectively) further indicate (1) an overall arc setting and (2) a dominantly intermediate to mafic igneous provenance of the sediments, which suggests that the volcanic arcs are a principal source. A certain degree of sedimentary reworking until final deposition is indicated by the higher mineralogical maturity of the sedimentary rock suite compared to the volcanic rock suite. In summary, a very complex arc setting with generally short sedimentary transport distances in a tectonic convergent setting is recognized.
Field, Compositional, and Textural Observations
The collected samples from the Huanggangliang Formation cover a broad spectrum of volcanoclastic sedimentary rocks (greywackes and sandstones). In comparison, samples from the Linxi Formation (greywackes and sandstones) are texturally and compositionally more mature.
Dip and strike measurements of sedimentary strata of the Huanggangliang and Linxi Formations show an average southwest-northeast striking of subvertical beds (Figures 6 and 7) corresponding well with regional tectonic features such as major regional faults (e.g., the Linxi Fault).
Percentage amounts of quartz grains, feldspar grains, and lithic fragments obtained by point counting on thin sections suggest a transitional to undissected arc setting (Figure 14) . Percentages of lithic fragments mostly are above 60% per sample suggesting dominantly short sedimentary transport distances. stress accommodation by thrusting and shearing (Figure 6c ). Local rotational features associated with dragged beds further indicate a constant compressional tectonic environment. Structural attitude measurements from the formation in the entire study area reveal a large variation of orientations due to its extensive deformation. A preferred fold vergence as possible indicator for subduction polarity was not observed. Instead, fold axes seem to strike roughly southwest-northeast with varying inclination of fold vergence. However, the overall average southwest-northeast strike of the formation is in accordance with the orientation of large-scale tectonic features such as the regional Linxi or Xar Moron Faults. Thus, the Huanggangliang Formation appears to have been subjected to major southeast-northwest shortening in a convergent setting after its deposition.
Linxi Formation
Deformational features in the Linxi Formation (Figure 7) are not as distinct as those in the Huanggangliang Formation (Figure 6 ). Meter-scale folding within the Linxi Formation was not observed. However, larger-scale regional folding may have occurred but was not detected in this study and needs further investigation. Exposed along the cross section are relatively homogeneous and vertically bedded volcanoclastic strata striking southwest-northeast (see stereonets in Figure 7 ).
Discussion
Provenance Terranes
Provenance analysis of Late Paleozoic sedimentary arc basins along the Xar Moron River can provide an important insight into the role of major tectonic units as sedimentary provenance terranes during the final closure of the Paleo-Asian Ocean along the Solonker Suture Zone. Their relative contributions can be identified and defined by their characteristic age probability density distributions (Figure 16 ) [Sircombe, 2004; Gehrels et al., 2011] . Their paleogeographic location, as an indirect measure for the direction of regional sediment transport toward the arc basins, may also serve as an indicator of subduction polarity in tectonic convergent settings.
The North China Craton in the south and the Mongolian arcs in the north represent the most likely provenance terranes due to their close geographic location to the study region. Other provenance terranes such as the Siberian Craton, the Tarim Craton, Gondwana-derived fragments within the CAOB, and a Pan-African orogenic terrane located in northeast China [Zhou et al., 2012] are less likely to have influenced the sedimentary system in the study region and will only be briefly discussed here. A detailed geochronological summary and discussion of most of these provenance terranes have been provided by Rojas-Agramonte et al. [2011, and references therein].
The Paleoproterozoic age peaks (~2497 Ma and~1844 Ma) detected in the Xar Moron River region in this study are similar to those from the North China Craton [e.g., Darby and Gehrels, 2006] . According to Rojas-Agramonte et al. [2011] , zircon U-Pb ages originating from the North China Craton generally range from 3.8 Ga to~1.6 Ga, with major age peaks at 2.8-2.6 Ga, 2.4-2.35 Ga, and 2.1-1.85 Ga. Taking into account the proximity to the study region, the North China Craton is identified as a significant provider of sedimentary detritus to the Huanggangliang and Linxi Formations.
The Mongolian arcs comprise a large variety of Paleoproterozoic to Paleozoic zircon U-Pb ages. Major age peaks are around 2710-2182 Ma, 2060-1820 Ma, 950-760 Ma, 580-460 Ma, and 400-340 Ma. These ages were sourced from the arc terranes themselves and the Tarim Craton, while the North China Craton is not considered as a contributor [Rojas-Agramonte et al., 2011] . The large value of relative age heterogeneity of the Mongolian arcs (H rel = 87%) cannot be observed in the age population in this study (H rel = 75%). Prominent Mongolian Neoproterozoic, as well as Earliest Paleozoic (~515 Ma), age populations were not detected in this study. Therefore, the Mongolian arcs as a whole can only be accounted a minor role as a provenance terrane, if at all. However, it remains unclear whether independent single units of the Mongolian arcs contributed to the Early Paleozoic and minor Mesoproterozoic to Neoproterozoic age populations found in the study region. Craton reveals a very heterogeneous age distribution (H rel = 95%) with a distinct Neoproterozoic population (~788 Ma), neither of which is observed in the study area. Recently, Ge et al. [2013] reported abundant 2.5 Ga and 1.85 Ga ages, similar to those of the North China Craton. However, we discard the Tarim Craton as being an age source, though Rojas-Agramonte et al. [2011] suggested that it was an important contributor of detrital material to the Paleozoic basins in Mongolia. Large-scale northeastern Gondwana-derived fragments in the eastern CAOB, which could have provided detritus to the study region, are not reported so far. As pointed out by Rojas-Agramonte et al. [2011] , Gondwanan fragments are generally characterized by a Pan-African age peak (650-550 Ma) and a Mesoproterozoic age gap (~1.75-1.0 Ga). These age peak and gap are absent in the analyzed samples in this study. They, thus, are not considered as provenance sources of the Permian sedimentary basins along the Xar Moron River. However, e.g., Zhou et al. [2012] and Han et al. [2012] proposed that the Erguna, Xing'an, Jiamusi-Khanka, and Songliao blocks in northeast China have Pan-African basement and represent fragments that rifted from northern Gondwana, and may have influenced sedimentary systems in the region during Late Paleozoic.
Therefore, other source terranes need to be considered to explain the dominant occurrence of Early and Late Paleozoic age populations (~436 Ma and~269 Ma, respectively) detected in the study area. An Early Paleozoic arc along the northern margin of North China existed [Xiao et al., 2003] , termed the Southern Accretionary Orogen ("Southern Orogen") by Jian et al. [2008 Jian et al. [ , 2010 . Early Paleozoic activity and collision with a microcontinent (Hunshandake microcontinent) along the Ondor Sum Subduction-Accretion Complex were recently reported Xu et al., 2013] . Phengites in blueschists from the Ondor Sum SubductionAccretion Complex gave Ar/Ar ages of 453.2 ± 1.8 Ma and 449.4 ± 1.8 Ma [de Jong et al., 2006] . Zircons from a biotite-plagioclase gneiss sample collected from the Xilinhot Complex yielded upper and lower intercept ages of 437 ± 3 Ma and 316 ± 3 Ma, respectively [Shi et al., 2003] . However, the affinity of the Xilinhot Complex with the Southern Accretionary Orogen is not clear, and it might be closer related to the Northern Accretionary Orogen. Additionally, Cope et al. [2005] considered that a continental arc existed along the northern margin of the North China Craton from~400 to~275 Ma based on detrital zircon analysis of Carboniferous to Permian nonmarine strata. These lines of evidence suggest that the Early and Late Paleozoic zircons in the arc basins originated most likely from a major Paleozoic provenance terrane along the northern margin of North China, not from the Mongolian arcs, which were on the opposite northern edge of the Paleo-Asian Ocean.
In summary, we consider that at least two provenance terranes contributed to the Permian arc basins along the Xar Moron River: (1) the Precambrian basement of the North China Craton in the south and (2) the Southern Accretionary Orogen along the northern margin of North China. The presence of a few Mesoproterozoic to Neoproterozoic zircons in the study area may indicate the involvement of a recently discussed microcontinent (Hunshandake microcontinent) Xu et al., 2013] . A number of Late Paleozoic ages may also have been contributed to the arc basins by the active Northern Accretionary Orogen during the final stages of ocean closure. However, their contribution to the Late Permian age population would be indistinguishable from those of the Southern Accretionary Orogen. Furthermore, the detrital zircon age spectrum in this study is dominated by the Precambrian ages of the North China Craton and the Early Paleozoic ages of the Southern Accretionary Orogen. Since Carboniferous ages should commonly occur within the Northern Accretionary Orogen (e.g., in the Xilinhot Complex) [Shi et al., 2003] , its influence during formation of the Linxi and Huanggangliang Formations appears insignificant. Whether Carboniferous ages can be found north of the study region in Late Permian formations closer to the Northern Accretionary Orogen needs to be further investigated.
Tectonic Setting During the Late Paleozoic
Available data suggest a tectonic convergent (oceanic subduction and continental collision) setting across the Solonker Suture Zone during the Permian. The location of the detected provenance terranes implies southward directed oceanic subduction beneath the Southern Accretionary Orogen and the North China Craton. The Permian age population coincides with the stratigraphic age of the host formation. The overall detrital zircon U-Pb age distribution of the study area, thus, resembles that of a convergent tectonic setting as recently characterized by Cawood et al. [2012] , thus representing a basin environment within or near an active arc system. This is supported by arc-related volcanic rocks along the Xar Moron River, which are characterized by calc-alkaline compositions [Li, 2006; 10.1002 10. /2013TC003357 2011a Han et al., 2012] . In this study, we show that the Permian sedimentary and volcanic rock suites along the Xar Moron River are geochemically related (Figure 15 ). The sedimentary rock suite is characteristic of a higher quartzose but less detrital content compared with the volcanic rock suite. Nevertheless, a seamless geochemical trend toward higher silica content can be observed between both rock types. Geochemically, a mafic to intermediate sedimentary provenance terrane is suggested, consistent with an overall active arc setting in Permian. These observations suggest short transport distances from the major source regions and the sedimentary basins, with a certain degree of sedimentary reworking. This is further supported by the immaturity of the sedimentary (volcanoclastic) rocks (Figure 14) . Although Zhang et al. [2008] recognized volcanic rocks around Xilinhot showing bimodal geochemical features, possibly due to formation in a post-collisional extensional setting, such bimodalfeatured volcanic rocks are limited in the area. In addition, geochemical data show that granitoid rocks in the region show affinities to those in arcs or collisional belts [Chen et al., 2000 [Chen et al., , 2009a . Further evidence for an arc and/or collisional environment is the presence of paired metamorphic belts farther west of the study area, of which the high-pressure belt is represented by blueschists in the Ondor Sum SubductionAccretion Complex [Yan et al., 1989; de Jong et al., 2006] . We assume that the Ondor Sum SubductionAccretion Complex represents the northern accretionary wedge of the Baolidao Arc Accretion Complex. In addition, X. H. recognized a suprasubduction-zone ophiolite suite close to the Erdaojing Complex north of the Xar Moron River along the Linxi Fault, which was previously considered to be a subduction-related orogenic belt [Xu and Chen, 1997; Meng et al., 2010] . Furthermore, Shi et al. [2003] assumed a turbiditic fore-arc protolith for the Xilinhot metamorphic complex. As shown in Figure 14 , point-counting results of samples in this study indicate a transitional to undissected arc setting. Distinction between different arc settings within the diagram is not clear, which supports the idea of a complex convergent tectonic setting during the Permian. In summary, a subduction and collisional tectonic environment is inferred across the present Xar Moron River area during the Late Paleozoic.
Timing of the Closure of the Paleo-Asian Ocean
The youngest major age peak observed in all sedimentary rock samples in the study area is at~270 Ma (Figures 4 and 11-13) , which defines the maximum depositional age of sedimentary rocks in the arc basins in which the Huanggangliang and Linxi Formations were deposited. An andesitic pyroclastic rock collected from the southern shoreline of the Xar Moron River (sample 11XL24-1; Figure 11 ) formed between the Early and Middle Triassic, interpreted as the timing of latest volcanic activity related to the southward subduction of oceanic lithosphere of the Paleo-Asian Ocean. An undeformed felsic dike (sample 11XL14-2, Figures 8b and 11) intruding the Huanggangliang Formation between the Early Triassic and Middle Triassic is interpreted to have recorded a period of latest magmatic activity and thus giving a constraint on the minimum depositional age of the Huanggangliang Formation. The dominant age peaks in both igneous rocks, however, are located in the Early Triassic (240-250 Ma). Taken together, our new data suggest that the final closure of the PaleoAsian Ocean along the Solonker Suture Zone in the Xar Moron River area most likely occurred in the period between 240-270 Ma. This is consistent with previous data obtained in the Xar Moron River region [e.g., Li et al., 2007; Y. L. Li et al., 2011b] . For example, magmatic zircons from a biotite-plagioclase schist and an intrusive syncollisional granite of the Shuangjing Complex located along the northern banks of the Xar Moron River yielded ages of 298 ± 2 Ma and 272 ± 2 Ma, respectively, suggesting that the final closure of the Paleo-Asian ocean has occurred at some time after 298 ± 2 Ma and 272 ± 2 Ma, not in the Early Paleozoic. In addition, previous structural, sedimentary, and geochronological data from other areas in vicinity of the Xar Moron River region also suggested that the Solonker Suture Zone developed in the Late Paleozoic or Early Triassic [e.g., Xiao et al., 2003 Xiao et al., , 2009 Li, 2006; Windley et al., 2007; Jian et al., 2008 Jian et al., , 2010 , in accordance with the result of this study.
A Tectonic Scenario for the Solonker Suture Zone
Based on the above discussion about (a) major provenance terranes for the Permian arc basins along the Xar Moron River, (b) the tectonic setting during Paleozoic time, and (c) the timing of the final closure of the Paleo-Asian Ocean, we propose the following updated tectonic scenario for the Paleozoic evolution of the Solonker Suture Zone (Figure 17 ).
During Late Ordovician to Devonian time (Figure 17a ), the Paleo-Asian Ocean lithosphere was subducted beneath the northern margin of North China, forming an Andean-type continental margin, called the Southern Accretionary Orogen [Jian et al., 2008 [Jian et al., , 2010 . The Southern Accretionary Orogen comprises the Bainaimiao Arc-Accretion Complex and the precursor of the Ondor Sum Subduction-Accretion Complex [Xiao et al., 2003] . The Hunshandake Microcontinent is considered to be a microcontinental block within the PaleoAsian Ocean, approaching the northern margin of North China Xu et al., 2013] .
In the Carboniferous (Figure 17b ), northward intraoceanic subduction within the Paleo-Asian Ocean took place, forming a new accretionary orogen, called the Northern Accretionary Orogen, which is represented by the Baolidao Arc-Accretion Complex and the Erdaojing Subduction-Accretion Complex [Xiao et al., 2003] . In the Late Carboniferous, subduction-related magmatism in the Southern Accretionary Orogen ceased, since few such-aged zircons are observed in the Permian arc basins, where the rocks of the Huanggangliang and Linxi Formations formed later. The Hunshandake Microcontinent most likely had accreted to the Southern Accretionary Orogen on the northern margin of North China at this stage Xu et al., 2013] , which might also explain temporary cessation of magmatic activity.
In the Early to Middle Permian (Figure 17c) , the Paleo-Asian Ocean started to close due to double-sided subduction beneath both the Northern and Southern Accretionary Orogens [Xiao et al., 2003] . This led to widespread arc magmatism as indicated by a major Late Paleozoic age peak in the Huanggangliang and Linxi formations. In addition, sediments in the arc basins situated within the Ondor Sum Subduction-Accretion Complex were also sourced from the Precambrian basement of North China and the Early Paleozoic arc rocks in the Southern Accretionary Orogen. In this period the Huanggangliang Formation formed, which was affected by significant folding and deformation while subduction continued. A complex arc environment, including opening back-arc basins, narrow ocean basins, and/or concurrent uplift of the hinterland, might be responsible for a complex sedimentary system. This would explain the inconsistent appearance of age populations in the sedimentary samples of the Huanggangliang Formation.
From the Late Permian to Early Triassic (Figure 17d ), double-sided subduction led to the closure of the PaleoAsian Ocean, resulting in collision between the Northern and Southern Accretionary Orogens, forming the intervening Solonker Suture Zone. The sedimentary rocks of the Linxi Formation were deposited in the latest existing arc basins during this period. These rocks were subject to less apparent folding and rock deformation than the Huanggangliang Formation. Tectonic stress was mainly accommodated by vertically tilting of the turbiditic layers. The Solonker Suture Zone comprises the Erdaojing and Ondor Sum Subduction-Accretion Complexes (see also Figure 2 ). Such collision resulting from double-sided subduction would not lead to continental deep subduction and subsequent exhumation/uplift. This type of "soft collision" [e.g., Kröner et al., 2014] is consistent with the absence of high-grade metamorphic rocks and complex multiple deformation in the Xar Moron River region. It may also explain why broad suture zones, sometimes referred to as "cryptic" sutures, e.g., by Xiao et al. [2013] in the Chinese Tianshan, and not sharp suture lines are formed. nificant improvements on the initial version of the manuscript. We would also like to thank Jason Ali for comments on late stages of the draft. This study was financially supported by a NSFC Project (41190075) 
